In this work the impact of backscattered energetic atoms on film growth in reactive sputtering of CrN x (x 1) is manifested. We use film and plasma characterization techniques, as well as simulations in order to study the dynamics of the target-discharge-film interactions. The results show that the primary bombarding species of the growing film are N + 2 plasma ions, which are neutralized and backscattered by the target in the form of atomic N. It is shown that the backscattered N atoms have energies which are significantly higher than those of other bombarding species, i.e. the backscattered Ar atoms, the sputtered atoms and the plasma ions. Moreover, it is found that CrN films exhibit compressive stresses of 2.6 GPa and a density close to the bulk value. We attribute these properties to the bombardment by backscattered energetic atoms, in particular N. Pure Cr films are also studied for reference.
Introduction
Chromium nitride (Cr 2 N, CrN) thin films have attracted significant scientific and technological interest during the last decade, since they exhibit relatively high hardness and chemical stability [1] [2] [3] . As a result, they are used as hard and protective coatings in severe environments. A number of reports on the growth of chromium nitrides employing the PVD [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and CVD [14] techniques are available in the literature. In these studies reactive magnetron sputtering from an elemental Cr target in an Ar-N 2 atmosphere is frequently used. By varying the composition of the working gas, i.e. the partial pressures of Ar and N 2 , films with different stoichiometries and phase compositions are obtained [5] [6] [7] [8] [9] [10] . In addition, when the target-to-substrate distance, the working gas pressure and the target power are varied, the bombardment regime during growth, i.e. the energy and the flux of the neutral and ionized species that impinge on the growing film, can be tailored. This, in turn, enables the manipulation of the films' structural, nanomechanical and tribological properties [5] [6] [7] [8] [9] [10] 15] . In addition the energy of the ionized bombarding species can also be controlled by applying a negative substrate voltage [5] [6] [7] [8] [9] [10] 15] . The gas composition can also affect the bombardment regime during the growth. Petrov et al [16] showed that in Ar-N 2 discharges N + 2 ions become the dominant charged species as the N 2 partial pressure exceeds 75% of the total working pressure. In addition, Wang et al [17] reported that N + 2 ions undergo dissociative neutralization, when they impinge on the target, giving rise to two N atoms, which are, then, backscattered. The energy of the impinging ions depends on the target voltage which is between 300 and 500 V for most dc magnetron sputtering processes. Upon collision with the target, and depending on the mass of the target atoms and the impinging ions, a fraction of this energy is transferred to the backscattered species [16, 17] . Petrov et al [16] showed that the backscattered N species have much higher energies than the sputtered atoms. However, the effect of the backscattered species on the growth of CrN films and the resulting film properties is yet to be investigated.
In the present work simulations based on the Berg's model [18] for reactive deposition are employed in order to link the target and the film properties. The results of these simulations are combined with computations using the TRIM freeware [19] in order to investigate the interactions of the plasma ions with the target. Moreover, Langmuir probe measurements are performed in order to obtain information about the energy 0022-3727/07/030778+08$30.00 © 2007 IOP Publishing Ltd Printed in the UK of the ionized plasma species that impinge on the growing film. Finally, TRIM computations are also used to study the interactions of the plasma species with the growing films. We identify, thus, the relationship between the working gas composition, the bombarding regime of the growing film and the resulting film structural properties. This enables us to establish the role of the backscattered energetic atoms during reactive growth of CrN films.
Experimental procedure
CrN x (x 1) films were deposited on c-Si (1 0 0), glass and graphite substrates employing dc reactive magnetron sputtering in a balanced configuration. The magnetic field strength was 200 G at the centre of the target and the zero magnetic field distance was calculated using the FEEM freeware [20] to be ∼40 mm. A Cr target (cathode) with a diameter of 76 mm and a purity of 99.95% was used. The substrates were placed 70 mm above the centre of the target and were grounded. Prior to deposition the chamber was evacuated to a base pressure of p b ∼ 10 −6 mbar. The depositions were carried out in a mixed Ar-N 2 ambient. The N 2 flow (q N2 ) was varied between 0 and 50 sccm and the Ar flow was adjusted in order to hold a constant working pressure of 0.8 × 10 −2 mbar. The target was operated at a constant current of 900 mA. The substrate temperature was measured by a pt-100 thermoresistor clamped on the substrate holder and was found to be ∼160
• C at all deposition conditions. The composition of the films for the various q N2 values was determined by Rutherford backscattering spectroscopy (RBS). A tandetron accelerator was used with 1.4 MeV 4 He + particles and a current of 14 mA. The backscattered 4 He + particles were detected by a semiconductor detector positioned at an angle of 170
• with respect to the incident beam direction. The RBS spectra were analysed using the XRUMP [21] software. The RBS measurements were performed for samples grown on graphite substrates in order to decrease the overlap of substrate and film spectra and to improve the resolution capability for low cross-section elements like N.
X-ray measurements were carried out for samples grown on c-Si (1 0 0) as well as glass substrates using a Philips X'Pert Diffractometer. X-ray reflectometry (XRR) was employed in order to determine the film thickness and consequently also the deposition rate. In addition, XRR was also used for the calculation of the film density and the roughness both at the surface and at the interface. The crystal structure and the phase composition of the films were investigated by means of x-ray diffraction (XRD). The XRD measurements were performed in both Bragg-Brentano (BB) and grazing incidence (GI) geometry.
The residual stresses of the films were also investigated. In general, the residual stresses can be either compressive or tensile [22] . The compressive stresses are related to the energetic bombardment and caused both by the direct subplantation of bombarding species in the films and/or by the displacement of film lattice atoms to interstitial positions [23, 24] . The tensile stresses are generated due to the shrinkage of the grain boundaries [25] . In addition, the magnitude of the residual stresses can be affected by the growth temperature. The deposition of thin films at temperatures different from the ambient temperature causes the so-called thermal stresses σ th which can be calculated by the equation [22] 
where E f and v f are the bulk modulus and the Poisson's ratio of the film, a f and a s the thermal expansion coefficient of the film and the substrate, respectively, and T the difference between the growth and ambient temperature. The thermal stresses can be either compressive or tensile depending on the sign of the terms a f − a s and T in equation (1) . The residual stresses for our films were determined by analysing films grown on 150 µm glass substrates with a biaxial modulus of 92 GPa. The substrate curvature was measured before and after deposition and the stresses were calculated using Stoney's formula [26] . The effect of the residual stresses on the film strain was investigated utilizing the sin 2 ψ method proposed by Perry [27] . According to this method, the stress-strain relation in a film as a function of the orientation of the lattice planes with respect to the surface of the sample is described by the equation
where ε is the film strain, d ψ hkl is the d-spacing of the (hkl) planes oriented at various tilt angles ψ with respect to the BB geometry, d 0 hkl is the d-spacing value obtained by the BB geometry (ψ = 0, planes parallel to the surface), ν and E are the Poisson's ratio and the elastic modulus of the analysed film, respectively, and σ is the value of the residual stresses. Equation (2) implies that σ xx = σ yy = σ . Here σ xx and σ yy are the two components of the in-plane biaxial stresses, i.e. the stresses on the sample surface.
In order to investigate the discharge characteristics, plasma characterization was carried out, at 40 mm from the target surface, using a cylindrical Langmuir probe consisting of a tungsten wire of length l pr = 5.0 ± 0.5 mm and radius r pr = 0.05 ± 0.01 mm. Details of the probe construction are found elsewhere [28] . Voltage values V between −15 and 15 V were applied to the probe and the probe current I was measured over a resistor of 100 . The probe I -V curves were analysed using the second derivative method proposed by Lieberman and Lichtenberg [29] , and plasma characteristics, such as the plasma (electron) density and the plasma potential were obtained.
Simulation details
The target-discharge-film interactions upon the reactive sputtering of the CrN x films are depicted in figure 1. It is shown that a fraction of the target surface is covered (nitrified) by Cr-N compounds. In general, it is known that in the reactive sputtering the composition of the target surface (target coverage) and the sample stoichiometry differ [18, 30, 31] . In particular, at the same deposition conditions, a lower fraction of the reactive element atoms is expected on the target surface than in the film [18, 30, 31] . In order to support the validity of this statement the Berg's model for reactive deposition was used [18] . Process characteristics, such as the target voltage (V T ), the deposition rate (derived from XRR) and the sample stoichiometry (derived from RBS) as a function of the N 2 flow were fitted to the rate equations, as described by Berg et al [18, 32] and the target coverage θ t was obtained for the different N 2 flows. Other fundamental processes during the reactive sputtering of CrN x films, such as the impingement of plasma ions (Ar + and N + 2 ) on the target (solid arrows), are also depicted in figure 1. Upon impingement these ions are neutralized via an inverse Auger process [16] and backscattered (dotted arrows). In addition, atoms from the target surface are sputtered (dashed arrows). The flux of the backscattered and sputtered species is transmitted through the plasma gas undergoing collisions with the plasma particles. Finally, the transmitted species impinge on the growing film.
The dynamics of the interactions described in figure 1 were studied using a three-stage simulation process based on the TRIM freeware [19] , which are described in detail in the following paragraphs.
(i) The results of the analysis based on the Berg's model were combined with TRIM computations in order to study the interactions of the plasma ions with the target. In these simulations the deposition conditions (N 2 flow and target voltage) which correspond to the growth of stoichiometric CrN films were considered. In particular, a CrN x target with mass density ρ = θ t ρ CrN + (1 − θ t )ρ Cr was considered. Here x = θ t is the target coverage at the deposition conditions of CrN films, calculated by the analysis based on the Berg's model. In addition, ρ Cr and ρ CrN are the bulk densities of Cr [33] and CrN [34] , respectively. Upon incidence of the Ar + and the N + 2 ions on the CrN x target the backscattered particles were studied. The energy of the incident Ar + and N + 2 ions was considered to be equal to the target voltage, i.e. eV T . Furthermore, the N + 2 ions are treated according to Wang et al [17] , who showed that the N + 2 ions with an energy eV T much higher that the dissociation energy of the N 2 molecule (9.7 eV) [35, 36] dissociate upon impinging on the target and are backscattered as two N neutrals (see figure 1) . For incident ions with energies greater than 100 eV, the dissociation probability approaches unity [17] . Therefore, we considered in our calculations that an impinging N + 2 ion can be replaced by two N projectiles with energy eV T /2, as proposed by Petrov et al [16] and Wang et al [17] . The computations provided the energy distributions of the backscattered species and their ratio with respect to the total number of the impinging ions.
(ii) The interactions of the backscattered species with the glow discharge were studied using the TRIM simulations. The glow discharge was described as a gaseous Ar-N 'target'. The width of this target was 70 mm, equal to the actual target-to-substrate distance. An Ar-N 2 target composition was considered, due to the equal partial pressures of the two gases for the deposition conditions of CrN. The mass density of the Ar-N 2 gaseous target that corresponds to a working pressure of 0.8 × 10 −2 mbar was calculated to be 1.14 × 10 −8 g cm −3 . The computations provided the ratio of the transmitted species with respect to the number of the backscattered species and their energy distributions.
(iii) TRIM computations were utilized in order to study the effect of the transmitted species on the growing films. A CrN film with mass density equal to the value determined by the XRR (see section 4.1) was considered. In these computations, the number of lattice interstitials induced per incident particle was calculated. In addition, the ratio of the impinging particles that are subplanted was determined. The subplantation is a process of shallow implantation of hyperthermal species below the growing film's surface introduced by Lifshitz et al [37] . The subplantation occurs whenever the projected range of an incident bombarding particle in the film is larger than the width of the film surface [37] . A physically reasonable estimation for the width of the film surface is the thickness of the first monolayer [38] . Here the monolayer thickness was considered to be equal to the CrN primitive cell size [34] .
It has to be mentioned here that the above presented simulation process merely provides a qualitative description of the target-plasma-film interactions during the reactive sputtering process.
The obtained, by the simulations, quantities are combined with experimental findings regarding the plasma characteristics and the film properties in order to demonstrate trends in the energetic bombardment of the films and to identify the role of the backscattered energetic atoms on film growth. For reference, the dynamics of the filmdischarge-target interactions for the growth of Cr films were also studied by using the previously described analysis.
Results

Film and plasma properties
The variation of the film composition x (x = [N]/[Cr] ratio), obtained from the RBS measurements, upon the increase of q N2 is presented in figure 2 . It is observed that the ratio x increases with increasing q N2 up to ∼30 sccm, where x ∼ 1. After this point, saturation is observed, i.e. stoichiometric CrN films are obtained. The microstructure of a stoichiometric CrN film grown at q N2 = 30 sccm was investigated by means of the GI-XRD. The corresponding GI-XRD pattern is presented in figure 3 . The reflections in figure 3 are attributed to the rocksalt crystal structure of the CrN phase [34] . Other properties of the film grown at q N2 = 30 sccm, such as the density and the residual stresses, were also investigated. The XRR analysis and the wafer curvature method revealed a density of 6.1 g cm −3 (ρ bulk = 6.14 g cm −3 [34] ) and compressive stresses of 2.66 GPa, respectively. The results are summarized in table 1, where the corresponding results for pure Cr are also listed for reference.
Alternatively, the residual stresses of the films were determined by the d-sin 2 ψ method. The results for a CrN film • , the interplanar spacing of the (2 0 0) planes in unstrained bulk CrN crystal [34] and as σ the residual stresses which were obtained by the wafer curvature method. This corresponds to films under in-plane biaxial stresses, according to the analysis presented by Janssen and Kamminga [39] . Cr films were also studied with the d-sin 2 ψ method ( figure 4(b) ). The analysis yielded tensile stresses of 1.33 GPa. Moreover, in both figures 4(a) and (b) the solid straight lines are shifted to lower values with respect to the d-spacing determined experimentally.
Finally, the plasma properties at the CrN deposition conditions (q N2 = 30 sccm) were determined by means of Langmuir probe measurements. The plasma (electron) density, n e , was found to be 4.8 × 10 15 m −3 . This value is typical for dc magnetron processes. In addition, the plasma potential, V p , was 0.25 V. Similar values were also found for the pure Ar plasma employed to grow Cr films. 
Growth process simulation
The target coverage θ t at q N2 = 30 sccm, i.e. at the CrN growth conditions, was found by the calculations based on the model proposed by Berg and Nyberg [18] to be θ t ≈ 0.4. This confirms our expectation that the N fraction on the target surface is lower than the N fraction in the sample. The calculated θ t value was used as the composition of the Cr-N target in the TRIM computations which were employed to study the backscattered Ar and N species (stage (i) in section 3). In the same computations the target voltage, i.e. the energy of the plasma ions that impinge on the target, was V T = 504 V. The energy distributions of the backscattered Ar and N species, as obtained by the TRIM computations, are plotted in figures 5(a) and (c), respectively. It is evident that the backscattered N species have, on average, a higher energy than the corresponding Ar species, with respective mean energies of ∼63 eV and ∼11 eV. Furthermore, backscattering ratios (R back ) of ∼3% and ∼13% were calculated for Ar and N species, respectively. The above presented results are summarized in table 2. It should be pointed out here that for the calculations of the target coverage, which is used in stage (i) of the simulation procedure, the contributions of the N + 2 and N + ions to the sputtering process [30] , as well as the implantation of the reactive gas ions in the target [31] were not considered. This affects the accuracy of the calculated θ t value [30, 31] , which in turn determines the average mass Table 3 . Results of TRIM computations for the interactions of the backscattered species with the plasma. R tr is the ratio of the transmitted species with respect to the number of the backscattered species and E tr their energy. of the target atoms and consequently, affects the energy of the backscattered species [16, 17] , as further discussed in section 5. However, the same θ t values are used to study both Ar and N backscattered atoms (see section 3). As a result, the previously presented trends regarding the energy of these species will be the same irrespective of the target coverage considered. Simulations of the interactions of the backscattered species with the plasma (stage (ii) of the simulation procedure) revealed transmission ratios R tr , with respect to the number of the backscattered neutrals, of ∼40% and ∼80% for the Ar and N species, respectively. The energy distributions for the transmitted Ar and N species are presented in figures 5(b) and (d), respectively. Similarly to the backscattered species, the transmitted N species have on average higher energies than the transmitted Ar species, with calculated mean values (E tr ) ∼ 57 eV and ∼10 eV, respectively. The results for the transmitted species are summarized in table 3. Finally, simulations of the effect of the transmitted species on the growing film showed that the Ar species have a subplantation ratio of ∼0.3% and do not induce lattice interstitials. On the other hand, the N species have a much higher subplantation ratio of ∼48% and induce 0.4 interstitials per impinging neutral. It shall be pointed out here that the subplantation ratio strongly depends on the monolayer thickness. The latter, in turn, depends on the orientation of the crystallographic planes which are considered. In the present calculations, the goal is to compare the subplantation ratio of the N and the Ar species in a CrN film. For this reason, the Table 4 . Results of TRIM computations regarding the effect of the transmitted neutral species on the film. R sub is the subplantation ratio of the impinging species in the film and I the number of lattice interstitials that they induce. 
Discussion
It was shown in section 4 that CrN films exhibit high compressive stresses and a density similar to the bulk value. These properties are typical for films grown under energetic bombardment, e.g. for films grown on negatively biased substrates [15] . In the depositions described in this work, all substrates were grounded. As a consequence, the energy that ionized particles gain upon deposition is eV p , where V p is the plasma potential which was determined to be 0.25 V. Furthermore, the number of the ionized species in a dc magnetron sputtering discharge is very low (<1%) [40] . In addition, it is known that the mean energy of the sputtered particles ranges from 2 to 6 eV [41] [42] [43] [44] and the majority of them are thermalized. Therefore, the exhibited CrN film properties cannot be attributed to bombardment by plasma ions or sputtered atoms. Moreover, from equation (1) the thermal stresses of the CrN films can be calculated. Using the growth temperature of 160 • C, the elastic constants of CrN [15] , and the thermal expansion coefficient for Si [45] and CrN [46] , compressive thermal stresses of 0.02 GPa were calculated. This value is significantly lower than the value of the measured compressive stresses (2.66 GPa). Hence, a different mechanism has to be invoked in order to explain the observed film properties.
TRIM computations showed that the N + 2 species which are backscattered from the target in the form of atomic N have a significantly higher energy than the backscattered Ar species. These findings can be understood within a binary collision model, which describes the normal incidence of a moving plasma ion on a stationary target atom. In particular, the ratio of the energy transferred to the backscattered ion (E b ) with respect to the energy of the incident ion (E i ) is given by the equation
Here m i and m t are the masses of the impinging ions and the target atoms, respectively. By using the atomic masses [16] . The interaction of the backscattered particles with the plasma species can also be elucidated by employing the same collision model. In that case the energy loss of a backscattered particle with energy E i and mass m i upon collision with a stationary plasma particle with mass m t is given by the equation
where E t is the energy of the plasma particle after the collision. The calculations based on equation (4) showed that the energy loss for the Ar and N species is 99% and 82%, respectively. For the calculations we used the corresponding atomic masses for the Ar and N species. In addition, a mass m ArN2 = (m Ar + m N2 )/2 = 34 amu for the the Ar-N 2 plasma was used. The total energy loss of a transmitted particle depends on the number of collisions that this particle undergoes moving from the target towards the growing film, which in turn depends on the mean free path for momentum transfer, λ. This is given by the equation [29] 
Here n g is the molecular density of the plasma gas and σ p the momentum transfer collision cross-section of the plasma particles. The collision cross-section depends on the size of the gas particles and in a first approximation σ p = πd 2 , where d is the diameter of the particle. The gas density is n g = p/kT , where p = 0.8 × 10 −2 mbar is the sputtering pressure. By assuming that the plasma consists of Ar atoms with a diameter of 3 Å [45] , a mean free path of ∼13 mm was calculated. This means that the sputtered and backscattered particles undergo on average ∼5 collisions as they move from the target towards the substrate, since the substrate-to-target distance is 70 mm. If we assume that the energy loss is the same for each collision, we can calculate the fraction of the initial energy that a particle possesses after the fifth collision; (1 − (E t /E i )) 5 . By using the E t /E i values for the backscattered Ar and N species, which were calculated from equation (4), it was found that N atoms posses a 1.5 × 10 −4 fraction of their initial energy. This value is higher by 7 orders of magnitude than the corresponding values for the Ar species. These findings manifest the same trends as the simulation results for the transmitted species (table 3), which suggested that 40% and 80%, respectively, of the backscattered Ar and N particles are transmitted. In particular, both the binary collision model and the simulations show that the Ar species are scattered more efficiently than the N species during their transmission through the plasma gas.
Based on the above presented analysis we suggest here that the backscattered N atoms are the major bombarding species during the growth of CrN films. In addition, it is seen that the simulation results regarding the effect of the backscattered species on the CrN films (table 4) correlate well with the experimental findings. In particular, it was found that the backscattered species (mainly N) are subplanted in the film and cause interstitials. The direct subplantation and/or the displacement of lattice atoms to interstitial positions lead to out-of-plane lattice expansion [47, 48] and generation of compressive stresses [23, 24] . Compressive stresses were found experimentally, both by the wafer curvature and the d-sin 2 ψ methods. In addition, the existence of the out-ofplane lattice expansion is clearly illustrated in figure 4(a) . It shall be pointed out here that the film stresses obtained both by the wafer curvature and the d-sin 2 ψ methods are in-plane biaxial stresses and the out-of-plane strain that they cause is included in equation (2) . Nevertheless, in figure 4(a) an offset of the experimental d ψ hkl values with respect to the d ψ hkl values which correspond to a biaxial stressed lattice (solid lines) is observed. This is indicative of an additional out-ofplane lattice expansion. Since the bombarding efficiency of the ionized species and sputtered atoms is low, we attribute the out-of-plane lattice strain and the compressive stresses to the bombardment by the backscattered (mainly N) plasma species.
The same effect, i.e. additional out-of-plane lattice expansion, is also observed in the case of the Cr films ( figure 4(b) ). However, these films exhibit tensile stresses. This contradiction can be elucidated in the light of the additivity of the stress components [39] , i.e. tensile stresses generated by the shrinkage of the grain boundaries [25] and compressive stresses generated by the atomic peening [23, 24] are additive in nature. The dominant stress component determines the stress sign of the film. In our case, the TRIM computations show that a fraction of the backscattered Ar + ions is subplanted in the Cr films. We argue that this is the reason for the observed out-of-plane lattice expansion, which in turn induces a compressive stress component. On the other hand, the low deposition temperature (∼160
• C), the relatively low energetic bombardment and the fact that Cr is a low mobility metal [49] are indicative of limited surface diffusion of the adatoms [50] . This can explain the low density of the Cr films. Low density structures, on the other hand, exhibit voids and extended grain boundaries [38] , which lead to tensile stresses [25] . The positive (tensile) stress sign in our Cr films implies that the tensile stress term caused by the shrinkage of the grain boundaries cannot be compensated by the compressive stress term caused by the subplantation of the backscattered Ar species.
Conclusions
In this work experimental techniques and simulations were used in order to study the role of backscattered plasma species in film growth in the reactive magnetron sputtering of CrN. It was shown that the neutralized plasma ions that are backscattered by the target impinge to the substrate with a significantly higher energy than the corresponding ionized plasma species. In addition, it was found by simulations that the energy of backscattered N + 2 species, in the form of atomic N, is significantly higher than that of the Ar species. This was explained by the lower mass of N with respect to the mass of the target atoms and the plasma species compared with that of Ar. Out-of-plane lattice strain and compressive stresses were found experimentally for the CrN films. This was attributed to the subplantation of backscattered N species, as the simulations results showed. Cr films were also studied for reference. A less intense bombardment by the backscattered Ar ions, compared with the CrN films, was found by the simulations. This is consistent with the formation of underdense film and the tensile stresses found experimentally. Furthermore, the simulations showed that a fraction of the backscattered Ar species is subplanted in the film. This can explain the out-of-plane lattice expansion, which was also observed experimentally for Cr films. We argue that the positive stress of the Cr films implies that the dominant stress component is the tensile and it cannot be compensated by the compressive one caused by the subplantation of the Ar species.
